Pancreatic AR42J cells possess both exocrine and neuroendocrine properties and convert to insulin-producing cells upon treatment with activin A and hepatocyte growth factor (HGF). We studied changes in the mRNA expression of various transcription factors during the course of differentiation. Among the transcription factors studied, expression levels of Pax4 and neurogenin3 changed significantly. These two factors were not detected in naive cells, whereas their mRNA levels were markedly increased after treatment with activin A and HGF. Thus, these two factors were induced by activin A. P ancreatic endocrine and exocrine cells are thought to arise from common precursor cells located in the epithelium of pancreatic anlage during development (1-3). Recent genetic studies indicate that pancreatic development depends on an integrated network of distinct transcription factors operating at various levels. Several homeodomain and basic helix-loop-helix transcription factors have been postulated to play important roles in regulating differentiation of pancreatic endocrine cells. A mouse homeobox protein, insulin promoter factor-1 (IPF-1/PDX-1), is required for development of the murine pancreas (4,5). Islet-1 (Isl-1), a LIM homeodomain-containing protein, is necessary for the development of the dorsal pancreas and is required for generation of islet cells (6). In addition, inactivation of Beta-2/ NeuroD causes a striking reduction in the number of insulinproducing cells, and mice lacking the functional Pax4 gene lack differentiated ␤-and ␦-cells and fail to develop mature islets (7, 8) . In contrast, the number of all differentiated endocrine cell types, especially the number of ␣-cells, is markedly reduced in mice lacking the Pax6 gene (9). These transcription factors are thought to be involved in a complex regulatory network and cascade to exert their functions (10,11). However, because differentiation of pancreatic ␤-cells involves many steps, it is not clear how these steps are regulated by transcription factors.
Changes in the Expression of Transcription
P ancreatic endocrine and exocrine cells are thought to arise from common precursor cells located in the epithelium of pancreatic anlage during development (1) (2) (3) . Recent genetic studies indicate that pancreatic development depends on an integrated network of distinct transcription factors operating at various levels. Several homeodomain and basic helix-loop-helix transcription factors have been postulated to play important roles in regulating differentiation of pancreatic endocrine cells. A mouse homeobox protein, insulin promoter factor-1 (IPF-1/PDX-1), is required for development of the murine pancreas (4, 5) . Islet-1 (Isl-1), a LIM homeodomain-containing protein, is necessary for the development of the dorsal pancreas and is required for generation of islet cells (6) . In addition, inactivation of Beta-2/ NeuroD causes a striking reduction in the number of insulinproducing cells, and mice lacking the functional Pax4 gene lack differentiated ␤-and ␦-cells and fail to develop mature islets (7, 8) . In contrast, the number of all differentiated endocrine cell types, especially the number of ␣-cells, is markedly reduced in mice lacking the Pax6 gene (9) . These transcription factors are thought to be involved in a complex regulatory network and cascade to exert their functions (10, 11) . However, because differentiation of pancreatic ␤-cells involves many steps, it is not clear how these steps are regulated by transcription factors.
Pancreatic AR42J cells are derived from a chemically induced pancreatic tumor and express both exocrine and neuroendocrine properties (12) . Upon treatment with activin A, AR42J cells stop growing, and their morphology changes significantly by extending neurites (13) . In addition, activin-treated cells express mRNA for GLUT2, ATP-sensitive potassium channel, and pancreatic polypeptide (PP). Thus, activin A converts AR42J cells into endocrine cells (13, 14) . Furthermore, in the presence of betacellulin (14) or hepatocyte growth factor (HGF) (15) , activin-treated AR42J cells further convert to insulin-producing cells. Thus, AR42J cells provide a model system to study the molecular mechanism involved in ␤-cell differentiation. The present study was conducted to investigate how the expression of islet-associated transcription factors is changed during the differentiation of AR42J cells. We also assessed the role of such transcription factors in differentiation. used in this study are shown in Table 1 . The reactions were conducted in a DNA Thermal Cycler (PerkinElmer, Norwalk, CT) under the following conditions: for insulin, PP, glucagon, and Pax4, denaturation at 94°C for 1 min, and annealing and extension at 65°C for 2 min; for Pdx-1, Pax6, Nkx2.2, Nkx6.1, Beta2, neurogenin3, and GAPDH, denaturation at 94°C for 30 s, annealing at 60°C for 45 s, and extension at 72°C for 45 s; and for lmx1.2, lmx2, cdx4, and hox1.11, denaturation at 94°C for 1 min, annealing at 55°C for 45 s, and extension at 72°C for 45 s. The number of cycles was 30, with the exception of 17 cycles for GAPDH. Generation of a flag epitope-tagged form of Pax4 and neurogenin3 and their antisenses. To generate the NH 2 -terminal flag epitope-tagged Pax4, an oligonucleotide containing the flag-tagged sequence GGGAATTCCCACCATG GACTACAAAGACGATGACGACAAG was used with another primer that was located around the initiation codon of rat Pax4 (ATGCAGCAGGACGGTCTC AGC) in high-fidelity polymerase chain reaction (PCR) (Pyrobest DNA polymerase; Takara Shuzo, Tokyo) as the sense primer. The antisense primer for Pax4 is 5Ј-GGGAATTCTTATGGCCAGTGTAAGTAATAGGTTGATG-3Ј. Neurogenin3 was cloned as for Pax4. The sense primer for neurogenin3 is 5Ј-GGGGATCCCCACCATGGACTACAAAGACGATGACGACAAGATGGCGCCTC ATCCCTTG-3Ј and for antisense is 5Ј-GGGGATCCTCACAAGAAGTCTGAGA ACACCAG-3Ј. The PCR product was then confirmed by sequencing using an ABI Prism Dye Terminator Cycle Sequencing FS Ready Reaction Kit and Applied Biosystems DNA sequencer model 373S (ABI, Foster City, CA) and cloned into the PCDNA3 and/or pIRES-EGFP expression vectors inserted in both the sense and antisense orientation. Immunofluorescence study. Cells were cultured on noncoated glass coverslips at a density of 2 ϫ 10 5 cells/ml and transiently transfected with sense and antisense of Pax4 or neurogenin3. Cells were washed, and fresh medium was added. HGF or HGF plus activin A was added according to the experimental protocol. Cells were washed, fixed, and immunostained with specific anti-flag, anti-Pax4, or anti-green fluorescent protein (GFP) antibodies 48 hours later as described in detail elsewhere (16) . Images were obtained using a Zeiss microscope equipped with fluorescein and rhodamine filter sets (Axiophoto; Carl Zeiss, Thornwood, NY).
RESULTS

Expression of islet-associated transcription factors during differentiation of AR42J cells.
In the first set of experiments, we investigated the mRNAs for various transcription factors expressed in islets. We found that the expression for lmx1.2, lmx2, cdx4, Nkx2.2, Pdx-1, and Beta2 was detected in naive AR42J cells and had no significant changes during the differentiation into insulin-secreting cells. The mRNA for Pax6, Nkx6.1, and Isl-1 was undetectable before and after differentiation. The mRNA for lmx1.1, Pax4, Hox1.11, and neurogenin3 was upregulated during differentiation. Among them, the expression of Pax4 and neurogenin3 was markedly increased during differentiation ( Fig. 1 and Table 2 ). We then measured the effect of HGF and activin A on the expression of Pax4 and neurogenin3, respectively. mRNA for Pax4 and neurogenin3 was induced by activin A but not by HGF. The expression of Pax4 was detected as early as 6 h after treatment with activin A, whereas the expression of neurogenin3 was detected 24 h after the stimulation (data not shown). Effects of transfection of Pax4 and antisense Pax4 into AR42J cells. The above results indicate that activin A induces the expression of Pax4 and neurogenin3 during the differentiation of AR42J cells. We therefore expected that Pax4 and/or neurogenin3 may be involved in the differentiation into endocrine cells. To assess the significance of Pax4, we transfected a flag-tagged Pax4 into these cells. To identify effectively transfected cells, we measured the immunofluorescence using the anti-Pax4 antibody. Pax4-specific staining localized in the nuclei but transfection of Pax4 did not induce morphological changes in these cells. In addition, PP was not expressed in Pax4-expressing cells. We then examined whether Pax4-expressing cells were differentiated into insulin-secreting cells when treated with HGF. HGF did not induce the expression of insulin in Pax4-expressing cells.
To further determine the significance of Pax4 during the differentiation of AR42J cells, an antisense Pax4 was introduced to reduce its expression. Cells were transfected with antisense Pax4 and then treated with HGF and activin A for 48 h. Double staining was carried out to determine the expression of insulin with anti-insulin antibody and the efficiency of transfection with anti-GFP antibody. Even in cells effectively transfected with antisense Pax4, immunoreactive insulin was detected. We analyzed the efficacy of the antisense method by measuring the expression of transfected Pax4 because endogenous Pax4 was not detected by anti-Pax4 antibody. AR42J cells were transfected with a pIRES-EGFP expression vector containing the DNA sequence of Pax4 in 
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antisense or sense orientations. Expression of Pax4 was detected with anti-Pax4 antibody. The expression of exogenous Pax4 was blocked by cotransfection with antisense Pax4, whereas cotransfection of pIRES-EGFP had no effect on the expression of Pax4 (data not shown).
Effect of transfection of neurogenin3 and antisense neurogenin3.
To assess the role of neurogenin3, we first transfected AR42J cells with flag-tagged neurogenin3. As shown in Fig. 2 , transfection of neurogenin3, detected by the fluorescence of flag, induced morphological changes, which included extention of long neurite-like processes. Furthermore, transfection of neurogenin3 induced the expression of mRNA for PP (Fig. 3) . However, HGF did not convert neurogenin3-transfected cells into insulin-producing cells. We then examined whether transfection of antisense neurogenin3 blocked the differentiation of AR42J cells by activin A and HGF. As shown in Fig. 4 , cells converted into insulin-producing cells by activin A and HGF. Introduction of antisense neurogenin3, detected by the fluorescence of GFP, blocked the conversion into insulin-producing cells (Fig. 4 and Table 3 ).
DISCUSSION
The pancreas comprises endocrine, exocrine, and ductal cell types. Each of these distinct pancreatic cell types is derived from common precursor cells. We used AR42J cells as a model system to investigate the role of transcription factors involved in the differentiation of endocrine cells. Among the transcription factors investigated, we found that the expression of Pax4 and neurogenin3 is markedly upregulated during differentiation. Pax4 has been shown to be essential for the differentiation of ␤-and ␦-cells (8) , and a recent study showed that neurogenin3 acts as a proendocrine gene in the development of the pancreas (17, 18) . In AR42J cells, activin A markedly increased the expression of Pax4. However, transfection of Pax4 did not reproduce the effect of activin A-namely morphological changes and the expression of PP. It was shown recently that Pax4 functions as a transcription repressor (19, 20) . It binds to the potential 
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HGF did not convert them to insulin-producing cells. Hence, besides induction of neurogenin3, activin A may have other effects in these cells. In any event, the present results are consistent with the idea that neurogenin3 acts as a key transcription factor for the formation of pancreatic endocrine cells (18) . Apelqvist et al. (17) reported that neurogenin3 is under the control of the Notch signaling system. They further showed that expression of neurogenin3 under the control of the IPF-1/ Pdx-1 promoter augmented the formation of pancreatic endocrine cells in transgenic mice. They postulated that formation of endocrine cells from their progenitors is regulated by "lateral inhibition" involving the Notch signaling system. Our results indicate that the expression of neurogenin3 is also regulated by activin A. Because activin A does not alter the expression of Hes-1 (Y.-Q.Z., I.K., unpublished data), a downstream target of the Notch signaling system, the expression of neurogenin3 may be regulated by the Notch and activin signaling systems. We showed previously that progenitor cells in pancreatic anlage express activin A (21). Miralles et al. (22) . showed that conversion of progenitor cells to endocrine or exocrine cells is modulated by mesenchyme-derived follistatin, an inhibitor of activin A (23) . Given that activin A is involved in the differentiation of pancreatic endocrine cells (24, 25) , these results imply that differentiation of progenitor cells is regulated by the activin-follistatin system via an autocrine/paracrine mechanism. Taken together, the present results suggest that differentiation of pancreatic progenitors is controlled by two distinct regulatory systems: the Notch signaling system and the activin-follistatin system. 
